The new particle recently discovered at the Large Hadron Collider has properties compatible with those expected for the Standard Model (SM) Higgs boson. However, this does not exclude the possibility that the discovered state is of non-standard origin, as part of an elementary Higgs sector in an extended model, or not at all a fundamental Higgs scalar. We review briefly the motivations for Higgs boson scenarios beyond the SM, discuss the phenomenology of several examples, and summarize the prospects and methods for studying interesting models with non-standard Higgs sectors using current and future data.
Introduction
After the 2012 discovery of a new particle in the γγ and ZZ final states by ATLAS 1 and CMS 2 , experimental Higgs physics has entered a new era. Using already up to the full dataset from the first LHC run, corresponding to an integrated luminosity (per experiment) of ∼ 5 fb −1 at √ s = 7 TeV and ∼ 25 fb −1 at √ s = 8 TeV, measurements of key properties for this new state have been reported by both collaborations 3,4 . To set the stage for the ensuing discussion on Higgs sectors beyond the SM, we summarize the key experimental findings here. The new particle has a measured mass of 4,5 M H = 125.5 ± 0.2(stat.) +0.5 −0.6 (syst.) GeV (ATLAS), M H = 125.7 ± 0.3(stat.) ± 0.3(syst.) GeV (CMS).
Although the SM Higgs mass is in principle a free parameter, the measured value is in good agreement with earlier predictions performed using electroweak precision data. With the accurate Higgs mass determination, the fate of the SM vacuum has been analyzed to great precision 6 , with the outcome that the SM can be extrapolated to very high scales (Q ∼ 10 11 GeV); the SM vacuum is likely metastable with a lifetime exceeding the age of the universe.
In the SM, the Higgs signal rates (σ × BR) into various channels are completely fixed by the Higgs mass. Precise predictions in various channels can then be combined with data to measurements of individual signal strenghts, µ i , normalized such that the SM corresponds to µ i = 1. The current status of the Higgs signal strengths measurements is shown in Fig. 1 . As can be seen from this figure, there is currently no statistically significant deviation from µ i = 1 observed in the data.
To establish that the observed particle is indeed a fundamental scalar, as predicted by the Higgs mechanism, it is also necessary to determine its spin-parity quantum numbers, J P (the SM Higgs has J P = 0 + ). First attempts at this have rejected minimal alternative hypotheses like (pure) 0 − or 2 + states at the 95% confidence level (CL) 7,8 , which adds further credibility to the conclusion that the observed state is indeed a 0 + scalar, exactly as predicted by the SM. However, it should be remembered that this is based on much less conclusive evidence than the discovery itself and that there is still room for, e.g., a sizeable CP-odd admixture.
That said, we now turn to the question what alternative theories may be behind this discovery? After all, the SM is known to have several shortcomings, such as the gauge hierarchy problem, the absence of a suitable dark matter candidate and, ultimately, the problem of how to incorporate gravity into the theory. Even if the Higgs data currently tell us that the discovered scalar boson fits nicely the minimal Higgs structure of the SM, it is well-known that several extensions incorporate the SM Higgs sector in a particular (decoupling) limit, and that the observations therefore make perfect sense also in these theories. There are two principal ways in which a non-minimal Higgs sector would manifest itself experimentally: either directly through the discovery of additional scalar states, which would prove immediately that the Higgs sector is non-minimal, or through precise measurements of the Higgs properties, that could eventually reveal deviations from the SM predictions for the discovered 125 GeV state. Below we shall describe a few examples of physics beyond the SM where both strategies could be relevant.
Supersymmetry
Low-energy supersymmetry is widely recognized as an attractive extension of the SM, since the symmetry naturally protects the scalar Higgs mass against large quantum corrections. Other advantages of the minimal supersymmetric Standard Model (MSSM) is that it can offer unification of the gauge couplings and radiative generation of the electroweak scale. On the more phenomenological side, the MSSM with R-parity conservation can provide a stable candidate particle for the cold dark matter in the lightest neutralino. Unfortunately, LHC searches for supersymmetric particles have so far turned up nothing 9 , which starts to put the naturalness arguments under question. Current limits, which imply for example that the gluino mass mg 1.2 TeV, introduce already a certain degree of unavoidable fine-tuning 10 . This adds to the potential fine-tuning arising from the Higgs mass measurement, which we shall discuss in more detail below.
A 125 GeV Higgs boson in minimal SUSY
The MSSM, which in many cases also serve as a template for weakly-coupled extended Higgs sectors, contains two complex Higgs doublets. Following electroweak symmetry breaking, there are five physical Higgs bosons in the spectrum. When CP is conserved, they are classified as two CP-even scalars, h and H (M h < M H and the two states mix with an angle α), one CP-odd scalar, A, and a charged Higgs pair, H ± . At tree level, the Higgs sector can be specified using only two parameters, conveniently chosen as either M A or M H ± and tan β, the ratio of vacuum expectation values of the two doublets. The remaining Higgs masses and the mixing angle α become predictions of the theory; in particular one finds that M tree h ≤ M Z , with equality in the decoupling limit (M A ≫ M Z , tan β ≫ 1) where the couplings of h approach their SM values.
Beyond leading order, large radiative corrections to the Higgs masses arise, in particular from the coupling to the top quark. The dominant corrections to the lightest Higgs mass at one loop can be written as
where
and X t = A t − µ cot β is the mixing parameter appearing in the off-diagonal entries of the scalar top (stop) mass matrix. According to Eq. 1, the lightest Higgs mass can be made heavier than M Z (and even reach M h ∼ 125 GeV), either by increasing the average stop mass, M S , or by having a large mixing in the stop sector; the maximum attained for X t = ± √ 6 M S . In theories like the MSSM, where the Higgs masses are predictions, constraints on the model parameters can be derived from the Higgs mass value measured at the LHC 11,12,13,14 . The resulting constraints are particularly severe for high-scale models with mediation mechanisms that do not generate large A-terms 14,15 .
In a bottom-up approach, the low-energy MSSM parameters can be treated as input directly without reference to a "higher" model with e.g. grand unification. This fixes the radiative corrections to Higgs masses and mixing, and allows higher-order SQCD corrections to Higgs production and decay to be calculated. With a complete spectrum, all aspects of the model phenomenology can be studied. This is the basis for MSSM Higgs sector benchmark scenarios 16 , which were successfully used at LEP 17 and the Tevatron. With the Higgs discovery, many of these original scenarios have become obsolete, and updated scenarios for LHC Higgs phenomenology were recently proposed 18 . We are going to use some of these scenarios here to discuss the prospects for current and future MSSM Higgs searches. Numerical tools are available to calculate the MSSM Higgs spectrum to the twoloop level, which is necessary for precision phenomenology. As an example, we use numerical predictions from FeynHiggs 19 (version 2.9.4) for two benchmark scenarios: M max h , which maximizes M h for given values of M S , M A and tan β, and M mod h , in which the stop mixing is selected to maximize the region in tan β that is compatible with the observed Higgs mass value. The current experimental status for these scenarios is shown in Fig. 2 . In this figure, direct search limits from LEP, Tevatron and the LHC are evaluated using HiggsBounds 20 (version 4). HiggsBounds is a convenient program to take into account limits from direct Higgs searches in arbitrary models. Comparing the exclusion limits for the two scenarios in Fig. 2 , several features are common. The bulk exclusion at high tan β comes from combined MSSM h/H/A → τ τ searches 21 , a channel which receives a strong tan β enhancement. The same parameter region at low M A , high tan β is also the one most strongly constrained by indirect measurements, such as e.g. B s → µ + µ −22 , and this region therefore appears strongly disfavoured in the MSSM. This conclusion is corroborated by global analyses of the (low-energy) "pMSSM" parameter space taking into account the measured Higgs rates 23 , which now favour the region M A 300 GeV. 24 Finally, we note from Fig. 2 that for SUSY-breaking masses M S around the TeV-scale (here: M S = 1 TeV), the low tan β region is not accessible for any value of M A , since M h becomes too low (even below the LEP limit).
The global MSSM analyses are useful to identify interesting phenomenology which can still be viable in the allowed parameter space regions. For example, while the jury is still out on the possibility of an enhancement in the two-photon signal in the data (as weakly indicated by ATLAS, but not supported by CMS, see Fig. 1 ), it is useful to assess under which circumstances such an enhancement can be reproduced. In the MSSM, h → γγ can be enhanced primarily in two ways: either by suppressing the main decay mode, h → bb, through mixing between the two Higgs doublets, or by direct contributions to the partial width Γ(h → γγ) from new particles. The largest possible new physics contribution comes from the scalar taus (staus) 25 , which unlike a contribution from e.g. stops would not suppress Higgs production through gluon fusion since the staus do not carry colour charge. It is found that an enhancement of R γγ = (σ × BR)/SM 1.5 is possible if mτ 1 ∼ 100 GeV, close to the current limit.
Due to the high degree of compatibility between measurements and the SM, the current Higgs data favours the decoupling limit (M A ≫ M Z , tan β ≫ 1), in which the couplings of h become SM-like. Nevertheless, MSSM Higgs phenomenology could be strikingly different from that of the SM, in particular due to the presence of additional, heavier, Higgs states, which can still be as light as ∼ 300 GeV. This may also lead to interesting possibilities for interactions with the light Higgs through, for example, the cascade decays H → hh and A → hZ which could be significant. The MSSM Higgs bosons could also be produced in SUSY cascades, such as e.g.χ 
Heavy Higgs interpretation
Another, quite unusual, scenario which can arise is that the observed state is not the lightest state of an extended Higgs sector. An interpretation of the LHC data in terms of the second, heavier, CP-even Higgs has been proposed in the MSSM 12 , as well as in the next-to-minimal model (NMSSM) 26 . Perhaps surprisingly, the main constraints on these scenarios do typically not come from the presence of a lighter Higgs state (with a mass that is often below the SM LEP limit M h 114 GeV), but rather from the presence of additional doublet-like states around 125 GeV. In the MSSM these are the usual A and H ± , where in particular the searches for the charged Higgs in top decays poses unavoidable constraints. This is illustrated in Fig. 3 , which shows as an example the parameter space of the so-called low-M H scenario 18 (left), and how the prediction for BR(t → bH + ) compares to the latest ATLAS 8 TeV limit 27 (right). As the figure shows, there is not much room anymore for this interpretation in the MSSM. In non-minimal models, where the mass relations between H ± and the other Higgs bosons are relaxed, the existence of Higgs bosons lighter than 125 GeV remains a viable possibility. 
Beyond minimal SUSY
Besides the prospects to continue MSSM heavy Higgs searches with more data in the "standard" channels with high sensitivity-mainly for high tan β-it has recently been proposed 29 to extend searches into a regime at low tan β which is usually not accessible in the MSSM. This idea takes seriously the possibility that the stop mass scale is not only unnatural, but really multi-TeV, something which is certainly compatible with all (non-)observations. In this case, the lightest Higgs mass can be made sufficiently heavy also for tan β ∼ 1-2, where the heavy CP-even scalar, H, has dominant decays into ZZ, W + W − , hh or tt. While this comes at a high price in the MSSM, it should be noted that the same interesting parameter regime could also be accessible in more natural models with non-minimal supersymmetry, such as the NMSSM. In the NMSSM, a singlet superfieldŜ is added to the MSSM, with a superpotential W
The resulting spectrum contains seven physical Higgs states and the lightest NMSSM Higgs mass receives an additional tree-level contribution proportional to λ. Fig. 4 shows the degree of fine-tuning resulting from M h , calculated in 11 for the MSSM (left) and the NMSSM (right). As can be seen from this figure, the Higgs mass fine-tuning can be significantly reduced in the NMSSM. The NMSSM could also offer attractive features from both phenomenological and experimental points-of-view, such as singlet-doublet mixing as an alternative to enhance loop-mediated h → γγ decays 30 and the existence of light Higgs bosons 31 that can be searched for in different ways 32 . A comprehensive review of phenomenological studies in the NMSSM Higgs sector can be found in 33 .
General two-Higgs-doublet models
An alternative framework to interpret Higgs boson searches, including searches sensitive to new Higgs sectors beyond the SM, is the general two-Higgs-doublet model (2HDM) 34 . This model in itself does not address the SM hierarchy problem, but it is interesting as a possible low-energy limit of a UV-complete theory (for which the MSSM is one example). The 2HDM offers a large freedom, since there are enough free parameters to specify e.g. all four physical Higgs masses as input. The current data already leads to non-trivial constraints on the 2HDM parameter space 35 . Most analyses so far focus on the 2HDM types I/II with a (softly broken) Z 2 -symmetry, but there are also studies with more general Yukawa couplings 36 . Due to the large freedom in choosing the parameters, the heavy Higgs bosons are less constrained by direct searches than in SUSY models. On the other hand, the absence of additional new states typically leads to strong constraints from flavour physics 37 . First experimental LHC results from a 2HDM Higgs search in the H → W W channel have been presented 38 , but there are many other channels that could be interesting for a 2HDM interpretation. In case future searches for additional Higgs bosons reveal nothing, this would indicate for the 2HDM-like in the case of the MSSM-that the most probable scenario is the decoupling limit. In this limit, the heavy Higgs states decouple, leaving a single light (SM-like) Higgs boson in the spectrum. To measure the small deviations in the Higgs couplings predicted in this case would likely require the precision of a linear e + e − collider 39 . Another instance of the 2HDM leading to similar results is the Inert Doublet Model (IDM) 40 . In the IDM, the Z 2 -symmetry is made exact, rendering the lightest scalar particle stable. In this way the model can accommodate a dark matter (DM) candidate. Recent analyses 41 demonstrate that this is compatible with the Higgs discovery. However, taking into account data on invisible Higgs decays 42 , in most of the allowed parameter space the mass of the DM candidate is M DM > 500 GeV, and it appears difficult to discover any of the additional Higgs bosons at the LHC. The only exception is when the scalar DM exhibits resonant annihilation on the Higgs pole, M DM M h /2 ∼ 60-80 GeV, which could be an interesting mass region.
Fits of the Higgs couplings
A generic way to test for (absence of) new physics is to parametrize coupling deviations from the SM, and then use the available data to determine constraints on these deviations. Here we focus on deviations in the signal strengths, for which a simple "interim" framework has been proposed 43 . In the most general case, each SM coupling is assigned a scale factor, κ i , defined such that, for example,
where κ H is a scale factor for the Higgs total width (which is not measurable at the LHC). This definition allows the κ i to be extracted from data using the most accurate predictions available for the SM production cross sections and decay branching ratios. a Using this framework, different fits to the (SM) measurements can be performed where some of the coupling scale factors are allowed to vary. This strategy has been pursued by several theory groups (there are too many results to list them here), and also directly by the experimental collaborations 3,4 .
A significant deviation from the SM point (∀κ i : κ i = 1) in one of these coupling fits would signal a shortcoming of the SM to account for the measured data. Currently, there is no such indication, and the constraints on the allowed deviation in individual κ i from highly constrained analyses are of the order 10 − 20% (but larger if more scale factors are varied). In the absence of direct observations of new physics, it will be a very important goal of the LHC to improve the constraints on the SM Higgs couplings and search for deviations at a greater level of precision. From general arguments, new physics entering at a scale f modifying (some of) the Higgs couplings can be expected to contribute at the level
where c is a number of O(1-100%) 45 . This already tells us that percent-level precision is desirable to approach the TeV-scale. While an improvemed precision for the coupling measurements is certainly expected at LHC-300, and even more so at a high-luminosity (HL-LHC) with 3000 fb −1 , the best precision on the Higgs couplings would only be reached at a lepton collider, such as the ILC 39,46 . This statement can be made more quantitative by comparing the expected performance for Higgs coupling determination in different future collider scenarios. In Fig. 5 we show a projection by the SFitter collaboration 47 . It can be seen from this figure that a precision at the few percent level on nearly all the Higgs couplings can be achieved with a linear collider at 500 GeV alone, and that further improvement on several couplings, in particular ∆ γ , can be reached by combining LHC and ILC results. 
Composite Higgs models
An alternative to a weakly coupled natural Higgs sector-as in supersymmetrywould be if the observed scalar is not fundamental, but results as a composite pseudo-Goldstone boson from some broken global symmetry of a new strong interaction 48 (much like pions in QCD). These ideas are exemplified by the minimal composite Higgs models 49 (MCHM). In the minimal case, a global SO(5) symmetry is assumed to be broken dynamically down to SO(4) at a scale f , leading to a single doublet of SU(2) L , precisely as in the SM. The compositeness leads to modifications of the SM Higgs couplings, which in the minimal case amounts to universal effects on the coupling scale factors to vector bosons, κ V , and fermions, κ F . In this scenario, we have explicitly 50
where n = 0, 1, . . . is an integer that depends on the realization and ξ = v/f . The scale f plays a role similar to M S is SUSY theories when it comes to naturalness. A higher symmetry-breaking scale f implies decoupling to the SM limit, but also that the compositeness has no role in a natural solution of the SM hierarchy problem. Conversely, for f ≃ v, the SM "Higgs" would be a fully composite state of the strong interaction (technicolor limit), an option which is already strongly disfavoured by the data. Current measurements constrain the MCHM, as can be seen in Fig. 6 (for an earlier analysis of this type, see 51 ). To produce these constraints we have used the public code HiggsSignals 52 , which provides a generic test for compatibility between Higgs measurements and the predictions of an arbitrary model. Using all available Higgs channels from Tevatron and the LHC, the combined constraints corresponds to a 95% CL lower limit of f 500-800 GeV (depending on n), which starts to challenge the naturalness of the theory. As already mentioned, to probe deviations in the Higgs couplings up to much higher scales (TeV and beyond) is likely require the full precision of the (upgraded) LHC and/or a lepton collider. However, one particular aspect of the composite Higgs theories is that they quite generically predict the existence of exotic particles around the TeV-scale 50,53 . To discover (or rule out) the existence of these states at the LHC will therefore provide another important test of the Higgs compositeness idea.
Conclusions
The new particle discovered by ATLAS and CMS has properties compatible with the SM Higgs boson; no significant deviations from the SM are observed in the data. This has far-reaching implications also for scenarios beyond the SM, which must now face the additional constraint that there should be a SM-like Higgs boson in the spectrum. At the same time, many of these theories (like, for example, supersymmetry) face quite stringent constraints from the non-observation of new particles below the TeV-scale. Looking at these constraints from a bottom-up perspective on the prospects for extended Higgs scenarios, the picture is however quite different. For theories with a decoupling limit it is fully consistent to expect the lightest state to be a SM-like Higgs boson, and for this particle to become more SM-like the more additional (heavier) degrees of freedom decouple. This still motivates searches for additional Higgs states in e.g. the MSSM (where the decoupling limit is favoured by global analyses), as well as in the context of general 2HDM. Large effects on the individual rates of the 125 GeV state are not excluded, with modifications of up to 20-100% still allowed in some cases. To explicitly highlight these options and spur experimental activity, updated benchmark scenarios for MSSM Higgs searches have been presented, and new signatures are discussed for heavy Higgs searches.
Beyond the MSSM, extended supersymmetric scenarios offer a more natural explanation for the "high" Higgs mass. The phenomenology of these scenarios can differ substantially from that in the MSSM, and most limits obtained from searches for heavy MSSM Higgs bosons are not directly applicable in this context. The prospects to constrain these models in the near future therefore depend to a large degree on the feasibility to include additional decay modes into the LHC heavy Higgs searches. The situation is similar in the general 2HDM, which offers a parametrization with significant freedom remaining to choose the Higgs masses and couplings.
Precision measurements pertaining to the 125 GeV state, first at the LHC and later at a future lepton collider, will eventually be sensitive to deviations in individual Higgs rates associated with scales that are not accessible to direct Higgs searches. This could offer the intriguing, but also somewhat frustrating, scenario that the SM is rejected without a direct answer to the question what lies behind. The best prospects for the LHC to prove that the Higgs boson is non-standard is through new discoveries, which would give immediate proof for the existence of physics beyond the SM. Continued Higgs searches in motivated SM extensions should therefore remain a top priority at the LHC.
